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Laboratory study of stationary
accretion shock relevant to
astrophysical systems
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Accretion processes play a crucial role in a wide variety of astrophysical systems. Of particular interest
are magnetic cataclysmic variables, where, plasma flow is directed along the star’s magnetic field

lines onto its poles. A stationary shock is formed, several hundred kilometres above the stellar

surface; a distance far too small to be resolved with today’s telescopes. Here, we report the results of
an analogous laboratory experiment which recreates this astrophysical system. The dynamics of the
laboratory system are strongly influenced by the interplay of material, thermal, magnetic and radiative
effects, allowing a steady shock to form at a constant distance from a stationary obstacle. Our results
demonstrate that a significant amount of plasma is ejected in the lateral direction; a phenomenon that
is under-estimated in typical magnetohydrodynamic simulations and often neglected in astrophysical
models. This changes the properties of the post-shock region considerably and has important
implications for many astrophysical studies.

Accretion processes are of much interest to the astrophysics community, as they are thought to supply power
in various astrophysical objects, as well as being the dominant radiation source in many binary systems!.
Understanding the complex physical processes that allow the release of gravitational energy in the form of radi-
ation, is fundamental to interpreting high-energy astronomical observations. According to the magnetospheric
accretion model, a shock is formed when material from a stellar accretion disk falls down and impacts upon the
surface of the star?*. This material is taken away from the plane of the disk and directed along the star’s magnetic
field lines and onto its surface. The process is therefore highly dependent on the nature and strength of the star’s
magnetic field. There is now a wealth of evidence to support the existence of these accretion shocks across a range
of different systems>®.

In the context of young stars, the final mass is ultimately determined by the accretion mechanism during the
early stages of its formation and evolution towards main sequence. Therefore the study of accreting young stars
and, in particular, the way in which matter settles on the their surface is wide interest in the context of star for-
mation’. As for the different binary star systems, magnetic cataclysmic variable stars (MCVs) represent a unique
opportunity to perform a focused study on accretion dynamics, since the accretion region is responsible for the
majority of the luminosity of these systems. Moreover, MCVs have long been discussed as potential progenitors
of type Ia supernovae®, and so understanding their dynamics is crucial to explain the initial conditions of these
explosions, which themselves are used to study the acceleration of the Universe’.
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MCV:s consist of a strongly magnetised white dwarf (WD) accreting matter from a low-mass companion
star!®. Of particular interest are the subclasses of systems known as polars or intermediate polars, the former
being characterised by a single optical and X-ray photometric period and strong optical linear (5-10%) and cir-
cular (10-80%) polarisation. Due to the very strong magnetic field of the white dwarf (B ~ 0.01-1 MG for interme-
diate polars and up to B> 10 MG for polars), the accreting plasma flow (v ~1000km/s) is guided along the field
lines onto the WD photosphere, forming a column rather than an accretion disk!''-'. After impact on the WD
photosphere, a radiative reverse shock is formed, which propagates counter to the incoming flow, thus heating
the accretion column to temperatures up to 10keV. Consequently, an intense spectrum from soft to hard X-rays,
predominantly due to bremsstrahlung cooling, is observed. However, the observed ratio of hard to soft X-ray
emission currently disagrees with the standard model of accretion columns'. Additionally, unexplained lumi-
nosity oscillations, possibly related to unstable thermal oscillations in the shock front, or magnetohydrodynamic
instabilities in the accretion column, have also been reported'>!°. The intense radiation emitted in the post-shock
region acts to slow down the accretion shock, which reaches a steady height of ;~ 100-1000 km above the WD
photosphere. However, a complete stoppage of the infalling plasma requires an infinitely large radiative energy
density in the lower part of the accretion column'”!8. The first models of accretion systems therefore invoked
singularities in order to ensure the stationarity of the shock!'!. Modern studies, however, suggest the possibility of
mass being ejected laterally upon collision with the star’s surface!*-*!, thus maintaining a constant shock height.
Many theories relating the properties of the WD (e.g. its mass) to this height*>** have been proposed, but the dis-
tance is far too small to be resolved with observations. Therefore, obtaining spatial profiles of the radiative zone,
reconciling observations with theory, and ultimately confirming the properties of WDs all remain out of reach.

Small-scale models of accretion columns, based on similarity relations to their astrophysical counterparts, can
now be created using high-power lasers®'. Radiation hydrodynamics permits exact?*?* or parametric? scaling
laws that permits the comparison of scales in the laboratory to those in astrophysics, with a high degree of fidelity.
In this paper, we present a scaled study, built on well established experimental platforms* 3! to investigate accre-
tion shocks in binary systems. In this experiment, a strong magnetic field is imposed on the experimental system,
capable of collimating the plasma flow as in the astrophysical case. Improvements are thus made on previous work
where either the plasma flow was left to expand freely with no collimation mechanism or a tube was employed to
artificially collimate the flow, strongly influencing the observations. Various diagnostics are employed, allowing
a full understanding of the dynamics of the system, over the full timescale of the experiment. Evidence of a new
shock structure is seen, whereby the return shock is initially slowed down by a strongly radiative region upstream
and remains stationary for a period in excess of 60 ns, caused by lateral mass ejection in the collision region.

Results
Figure 1 displays a schematic of the experiment, which was carried out at the LULI2000 laser facility. A full
description is available in the Methods section.

Initial plasma flow. The evolution of the plasma flow, resulting from the initial laser-target interaction, is
measured by means of two gated Schlieren imaging systems. These are sensitive to the electronic density gradients
associated with the front of the plasma flow. Their delays are varied independently, with respect to the drive laser,
in order to determine the speed of the front of the plasma flow towards the obstacle. The progression of the flow
with time is shown in Fig. 2, together with two sample Schlieren images with and without an imposed magnetic
field of 15T, respectively. The speed is thus determined to be 78 - 5km/s. This is in agreement with previous
results using similar targets and laser conditions®**2. The magnetic field does not affect the speed of the plasma
flow as expected. The increase in density in the post-shock region renders this diagnostic unsuitable for studying
the reverse shock and so delays are limited to the phase of the experiment where the plasma flows towards the
obstacle.

At higher densities, X-ray radiography is employed to probe the physical structure of the plasma flow as well
as that of the reverse shock®. Images are taken along the axis orthogonal to the optical diagnostics and the plasma
flow. The probe laser, used to generate the short X-ray source, is delayed with respect to the drive laser, to track the
progress of the system with time. The collimating effect of the magnetic field on the plasma flow is investigated
at early times by the Schlieren images and at late times by the radiography. Figure 3 illustrates that at early times
(t~15ns) the effect of the magnetic field is not yet discernible, as the magnetic pressure is small compared with
the ram pressure of the plasma. However, at later times, from around ¢~ 75 ns to ¢ ~ 180 ns, the width of the flow is
noticeably smaller (~20%) when the magnetic field of 15T is imposed. This follows the dynamics described by*’,
where, after an initial flow launching region, the magnetic pressure is expected to be sufficient to manipulate the
large-scale structure of the flow. One should note also that there is a non-negligible hydrodynamic collimation
of the flow, via a nozzle mechanism, even without the imposed magnetic field, as observed in previous work®!.

One-dimensional, streaked, self-emission of the whole experimental system is also obtained and displayed in
Fig. 4 for shots with and without the imposed magnetic field. The plasma is created at the upper right hand corner
of the panel, at t =0, x=3 mm. It then moves from right to left at a speed of 75 + 10km/s towards the obstacle,
which is at a distance of 3 mm away from the initial laser target interaction. When the flow impacts upon the
obstacle (~60ns), it heats up and begins to emit. For a short period of time, material builds up on the surface
of the obstacle, before eventually a strongly emitting reverse shock is formed, moving counter to the incoming
plasma flow. Also seen in both the 2D images and the lineouts is a flow of weakly emitting plasma, moving slowly
from the target towards the obstacle. This flow is predominantly made up of the CH ablator layer in the target and
does not play a role in the interaction with the obstacle. We note that the speed of the incoming flow is in agree-
ment with that measured by the Schlieren imaging diagnostic.
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Figure 1. Experimental setup at the LULI2000 laser facility. The drive laser, interacts with the multi-layer target,
creating a plasma flow travelling towards the obstacle. The interaction of a short-pulse laser with a wire target
generates X-rays which are used to radiograph the plasma flow, with an image plate detector. An optical probe
beam, orthogonal to the plasma flow is used to perform Schlieren imaging, and self-emission of the experiment
is recorded on the same axis. A constant, homogeneous magnetic field of 15T in the direction of the plasma
flow is applied across the whole system.
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Figure 2. The distance travelled from the target by the plasma flow as measured by the Schlieren imaging
system. Two example images are shown with and without an imposed magnetic field respectively, both with
a delay time of 10 ns. No differences in speed or plasma structure are observed between the two cases. The
estimated plasma flow speed is shown by the straight line on the graph and is measured to be 78 &= 5km/s.

Reverse shock. Inexamining the behaviour of the reverse shock, we first note that the emission is stronger at
later times in the case of the imposed magnetic field. This can be explained by recognizing the fact that the den-
sity of the plasma flow is higher in the presence of the magnetic field, due to the collimating effect seen in Fig. 3
and described in the previous section. This in turn leads to higher temperatures in the post-shock region also.
The interplay of the two effects combined therefore leads to an increase in the emission seen by the detector. To
illustrate this point further, Fig. 4c shows horizontal lineouts from the streaked images at 150 and 195 ns, averaged
over multiple shots. The difference between the two cases is initially small, whereas at later times, the maximum
emission increases by up to a factor of 50%. The small peaks on the right hand side of the graph correspond to the
slow moving CH plasma emanating from the multi-layer target.

The evolution of the reverse shock with time is visualised using X-ray radiography. Figure 5 shows six images
over a range of 150 ns, spanning the formation and propagation of the reverse shock, all with an imposed B field
of 15 T. The laser is incident from the bottom of the image, creating a plasma flow which travels upwards towards
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Figure 3. The width of the plasma flow as a function of the distance away from the target, s measured at various
delay times with and without an imposed magnetic field. The widths at 15 ns are measured using the Schlieren
diagnostic whereas those at 75ns and 120 ns are measured using the radiography images. At early times, in the
flow-launching region, the collimating role of the magnetic is not yet noticeable, while at later times a clear
decrease in flow width is observed when the field of 15T is applied. The inset shows, as an example, the raw data
for the X-ray radiography image at 120 ns with an imposed field of 15T, showing how the measurements are
taken.
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Figure 4. 1-D Streaked self-emission of the experimental system. Images show raw data from a single shot with
(a) an imposed magnetic field of 15T and (b) no imposed magnetic field. In both cases, the laser arrives from
the top right-hand side of the image and the plasma initially flows from right to left. A fault in the streak camera
used to obtain the data gives rise to a vertical band of insensitive pixels between 0.175 and 0.279 mm from the
obstacle. An interpolation algorithm is used in the analysis of this region. (c) Horizontal lineouts at 150 and

195 ns averaged averaged over 3 shots for the 0T case and 6 shots for the 15T case, showing an increase in
emission at late times with the imposed magnetic field.

the obstacle. The reverse shock then moves counter to this flow, downwards on the image. The high temporal and
spatial resolution of the data (10 ps, 25 jum, combined with the range of delay times measured, enable the detailed
study of the physical processes at play in the post-shock region, inaccessible in previous work. Due to the demon-
strable advantages of the magnetic field in reproducing the astrophysical case by collimating the plasma flow, as
previously discussed, no data was taken at late times without the magnetic field.

Discussion

We have already shown that the magnetic field helps to collimate to flow in the pre-shock or upstream region. In
order to compare to the astrophysical case however, we now consider solely the post-shock or downstream region.
The ,,,, value (the ratio of thermal to magnetic pressure in a shocked system) is 3,,,,~ 1072~10"* for the case of
polars'® compared to 3,,,, < 1 for intermediate polars®. The huge magnetic field associated with polars means
that strict Alfven similarity criteria cannot feasibly be met in a scaled laboratory experiment. However, with a
value of 3, ~ 1 in our experiment, we are in a regime that is similar to that of intermediate polars. We expect
magnetic effects to play a significant (but not dominant) role in the dynamics of the system in the two cases. There
is also good agreement in the magnetic Reynolds number, R,,, (a measure of the diffusivity of the magnetic field
inside the plasma), between the two systems (R,,>> 1 in MCVs and R,, ~ 10 in the laboratory). In both cases then
the field lines are expected to be frozen in the magnetised plasma, with diffusive effects being small. The behav-
iour and predominant effect of the magnetic field in the two cases is expected to be the same; that is, the field is
frozen in the plasma and will add an additional component to the Lorentz force, helping to collimate the flow,
even in the post-shock region. Therefore, comparison between the two systems can be instructive.
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Figure 5. X-ray radiography images of plasma flow and reverse shock at different time delays. The laser driver
interacts with the target at the bottom of the image creating a plasma flow moving upwards. The reverse shock
initially moves downward away from the obstacle before reaching a stationary position beginning at 180 ns. The
width of the reverse shock increases with time, indicating the presence of mass being evacuated in the lateral
directions. The structures on the side of the images are not in the same plane as the experiment and hence do
not play any role in the dynamics. Further details can be found in the Methods section.

The propagation of the reverse shock is illustrated in Fig. 6 by taking 1-D lineouts from the emission and radiog-
raphy images at different delays. Additionally, the experimental data are compared to synthetic X-ray radiographs,
produced from 2D numerical magnetohydrodynamic (MHD) simulations, performed using the FLASH code (see
Methods for more details). It is immediately obvious that the two experimental diagnostics disagree on the position
of the reverse shock. At t~90ns (Fig. 6a), as the shock front is beginning to propagate away from the obstacle, one
already observes a strong emission region further away from the obstacle. As time progresses, the dense shocked
region moves at a faster speed than the emission region and therefore eventually catches up, whereupon it deceler-
ates, before eventually stagnating at distance of ~0.8 mm away from the obstacle (see Fig. 6b-d). In both the simu-
lated and experimental cases, before approaching the emission region (f = 120ns), the shock structure is indeed
indicative of a regime where radiation plays a role, that is, the density is sloped downwards, and lacking a sharp
discontinuity. Moreover, a sharp spike in the simulated electron temperature at the shock front is present, implying
that radiative effects are present®. At later times, on the other hand, the picture changes. Indeed, in the experimental
data, one observes the presence of a hollow region between the obstacle and the shock front, travelling away from
the obstacle. Explicitly, this can be seen as a trough in the 1-D density lineout between the obstacle and the shock
front, travelling away from the obstacle. This is typical of a rarefaction wave, caused by lateral mass ejection at the
moment the incoming flow collides with the obstacle. This phenomenon is not present in the MHD simulations and
so the reverse shock continues to propagate rather than becoming stationary, as seen in Fig. 6e. The increase in the
radial extent of the reverse shock is also apparent in the X-ray radiography images in Fig. 5 with its width increasing
from ~1 mm at 90 ns to ~1.6m at 120 ns. Unfortunately it is not possible to measure the width quantitatively at later
times as the target support blocks the line-of-sight of the X-rays. However, the effect is nonetheless apparent with a
lateral extension of >2 mm at times later than 180 ns. Further images are shown in the Supplementary Information.
The sound speed of the downstream plasma is estimated to be ~7 km/s, which is in agreement with the speed of the
rarefaction wave observed in the experimental data, giving added support to our hypothesis that the simulation is
unable to sufficiently capture the complex physics present in the collision region. Several astrophysical studies both
concerning MCV 7 and accreting neutron stars®®* have proposed the existence of hollow regions in the accre-
tion column but observational evidence is lacking. The experimental results presented here may therefore provide
valuable insights relevant for these theories. The mass loss rate, which has large implications for the density, tem-
perature and emissivity of the post-shock region, is demonstrably poorly modelled within magnetohydrodynamic
approximations. Similarly, standard 1D astrophysical models, where a cylindrical symmetry is assumed and matter
flows along field lines, may be inadequate at describing accreting systems, with a full 3-D treatment necessary. There
is currently no consensus, however, on how such a 3-D model might be constructed**-*2. Open questions remain
concerning the role of the laterally ejected matter, including whether it is eventually absorbed by the WD or is able

SCIENTIFIC REPORTS | (2019) 9:8157 | https://doi.org/10.1038/s41598-019-44596-3 5


https://doi.org/10.1038/s41598-019-44596-3

www.nature.com/scientificreports/

a) 90 ns b) 120 ns
14 14
—— Radiography (exp) r1.0 1.0
12 1 —— Radiography (sim) 121
© 10 — Streaked emission |98 © 10 0.8
c ‘c
S c > c
S 81 062 o 8 0.6 2
© 2 © o
~ o ~ o
5 61 2 5 6 @
a 04% 3 04%
2 K]
LIEJ 41 uEJ 41
r0.2 -0.2
2 1 2 4
0 0.0 0 0.0
0.00 0.25 050 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Distance (mm) Distance (mm)
c) 150 ns d) 180 ns
14 14
1.0 1.0
12 124
—_ 0.8 I~ 0.8
210 210
c c
S c >3 c
s 8 062 8 8 0.6 -2
® 2o [
~ o ~ o
= 6 » f= 6 4 17}
-% 048 3 04%
2 K]
LIEJ 4 LIE.I 4 1
0.2 r0.2
2 2 4
0 0.0 0 0.0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Distance (mm) Distance (mm)
16 e) Reverse shock position
Y Experiment
144 ¢ Simulation { }
1.21 : {
€ 1.0] 5 t
E™ good agreement !
3 0.8 { }
= H
© "
@ 0.6 !
a ]
0.4 ¥
021 % ¢ ! poor agreement
0.0 :

100 125 150 175 200 225 250
Time (ns)

Figure 6. Lineouts taken from experimental and simulated X-ray radiographs as well as from the streaked
optical emission diagnostic at four different times. The origin represents the obstacle vacuum interface, with
positive values indicating the direction of propagation of the reverse shock. Also shown is the position of the
reverse shock front as a function of time as measured by the simulations and experiment. The two cases begin to
diverge from 180 ns onwards, with the experimental shock remaining stationary.

to escape, and whether it plays a significant role in the energy balance of the system'*. The expansion of the lower
part of accretion columns has also been linked to the poorly understood oscillatory nature of the luminosity of
polars'®, and further study is required to investigate this phenomenon. This experiment therefore paves the way for
future studies with higher magnetic fields (30-40 T) and at larger laser facilities, able to create plasma systems where
radiation dominates, and to achieve full similarity to the astrophysical case. This line of research therefore represents
a tangible way to distinguish between a wide range of unconfirmed astrophysical models and to resolve a variety of
outstanding uncertainties surrounding MCVs.

To conclude, we compare the shock standoff distance observed in the laboratory to those taken from a typical
astrophysical accretion column for the specific case of a an intermediate polar, by employing the scaling method
as described in***4. The values relevant to the scaling between the two systems are summarized in Table 1. The
astrophysical system has a characteristic cooling time and velocity of, ,,,;= 1 s and v=1000km/s respectively. The
cooling time in the experimental case is calculated using two different methods. The first is using the formula:
tooi=Ple (y— 1), where P is the pressure of the post-shock region, and ¢, the emissivity, is related to the Planck
mean free path, A, via the relation € = 0 T% ). The second method follows the formulation proposed by*, for the
case of a black body. The two approaches are approximately in agreement, giving 3 and 4 ns respectively. Taking
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Parameter Lab Astro
Plasma (3,,,,, 1 <1
Magnetic Reynolds number, R,, | 10 >1

Fluid Reynolds number, R 10° 10°

Mach number, M 2 >10
Cooling time, £, 3-4ns ~1s
Cooling parameter, x 0.5 <1
Shock standoff distance, h, 0.8+0.1mm ~1000km

Table 1. Scaling between the laboratory system and a typical intermediate polar. The cooling parameter is
defined as the ratio of the cooling time to the characteristic hydrodynamical timescale x =t,,,/t),,; and is a
measure of the importance of radiative effects. Values for the astrophysical system are taken from'>?.

the measured experimental velocity of v="75km/s and shock standoft distance of h;=0.8 == 0.1 mm, we then
calculate a corresponding distance of 2000-3000 km for the astrophysical regime. This value is of the same order
of magnitude to those predicted by theory'?, although is slightly larger than previous experimental results®. This
discrepancy once again underlines the failings of simple 1-D models as well as the limitations of previous experi-
ments, and provides further evidence of the need to model accretion columns in a fully 3-D manner.

This work builds upon the previously established platform to study the physics of accretion processes in mag-
netic cataclysmic variables, currently inaccessible with observations. The quality and wealth of radiographic and
optical data allow us to fully understand the dynamics of the laboratory system for the first time, revealing a com-
plex interplay of material, thermal, radiative and magnetic effects, previously unseen in experiments. The results
reveal that clear improvements are made by the deployment of the external magnetic field over a plastic tube or
simple inertial collimation. By measuring a steady shock front over an extended period of time, we are able to
scale the experimental regime to the astrophysical one, gaining further insight into the complex dynamics at play
in both systems. In particular, we observe a significant mass ejection in the transverse direction at the moment the
plasma flow impacts upon the obstacle, not predicted by MHD simulations. This changes the structure of the post
shock region and has important implications for astrophysical models, including those used to determine, for
example, the WD’s mass. A clear pathway for future experiments, exploring a radiation dominated regime exists
is therefore apparent; this could be achieved, for example, on magnetic field platforms at facilities such as the NIF
or LMJ where higher laser energies are available. In this manner, astrophysical accretion models may be refined
and uncertainties surrounding these systems may finally be resolved.

Methods

Experimental platform. The experiment was carried out at the LULI2000 laser facility at the LULI labo-
ratory (Ecole Polytechnique, France). A long pulse (t=1.5ns), high energy (E=500], A\=527nm) drive beam
was used to produce a strong shock wave in a solid multi-layer target. The target consisted of a very thin (several
nm) layer of aluminium on the laser facing side, attached to a 25 m layer of ablator material (CH), a 1.5pm
layer of gold to act as a radiation shield produced by the corona, and finally a 6 um layer of titanium. The target
was fixed onto a 4 mm diameter holder with a 2 mm diameter inner hole. A flat-topped 500 pm focal spot was
produced using a hybrid phase plate. The plasma flow produced by the shock breakout at the rear surface of the
target impacted onto a gadolinium gallium garnet (GGG) obstacle (chosen for its transparency and high density,
p=7.08g/cm’) at a distance of 3mm.

Magneticfield. An external magnetic field of 15T, generated by a specially designed coil, coupled to a pulsed
power generator, is applied to the whole experimental system. The capacitor-based pulse generator is charged
up to a voltage of 9.6kV and provides a peak current of 23.6 kA to the coil. The magnetic field inside the coil
reaches its peak value after 183 pis and stays constant (less than 2% variation) over a duration of microseconds;
much longer than the timescales of the experiment. The drive lasers were fired when the magnetic field reached
its maximum value.

X-ray diagnostics. The X-ray source was generated by the interaction of a high-intensity, short-pulse laser
(507, 10 ps, with a focal spot of 50 um) and a titanium wire target. The wire was positioned 3 cm below the main
target and the image was recorded onto an imaging plate 60 cm above the experimental plane, giving a magnifi-
cation factor of 20%.

Optical diagnostics. A probe laser beam (1 m], 7ns, A=532nm) was used to produce Schlieren images
of the plasma at various delay times. The images were recorded using CCDs, coupled to gated optical imagers
(GOIs) with a 200 ps gate time. Optical self-emission of the experimental region was also recorded at a wave-
length of 450 & 40 nm using a streak camera. Both diagnostics give the speed of the plasma flow as well as relative
density and temperature measurements respectively.

Numerical simulations. The numerical simulations were performed using the FLASH code, developed at
the University of Chicago. A non-ideal MHD solver with an unsplit staggered mesh was used together with
physical modules that allow modeling high energy density laser experiments including a laser energy deposition
module, SESAME equations of state and radiation transfer, solved in the multi-group diffusion approximation
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using 40 radiation groups. A constant magnetic field of 15 T was applied in the direction of the propagation of the
flow. The laser intensity focal spot on target was a super Gaussian function with a diameter of 500 um. The rise
time of the laser beam was 0.2 ns, followed by a plateau at maximum intensity of 1.7 x 10"* W cm~2 for a period
of 1.3 ns. The simulation had a resolution of 5.12 um and hence the thin layer of gold in the multi-layer target was
not able to be resolved. A mass-density equivalent metal target layer was therefore used. The X-ray radiographs
were produced assuming a quasi-monochromatic Ti backlighter source at 4.51 keV and using cold opacities*.
Additional figures are shown in the Supplementary Information.

Data Availability
The authors declare that the data supporting the findings of this study are available from the authors upon request.

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

21.
. Nauenberg, M. Analytic approximations to the mass-radius relation and energy of zero-temperature stars. The Astrophysical Journal

23.
24.
25.
26.
27.
28.
29.
30.
31
32
. Brambrink, E. et al. X-ray source studies for radiography of dense matter. Physics of Plasmas 16(3), 033101 (2009).
34,
35.

36.
. Canalle, J. B. G. & Opher, R. An accretion column with a central hole in dq herculis binaries. Astronomy and Astrophysics 320,

38.

39.

Frank, J., King, A. & Raine, D. Accretion power in astrophysics. (Cambridge university press, 2002).

Ghosh, P. & Lamb, F. K. Accretion by rotating magnetic neutron stars. ii-radial and vertical structure of the transition zone in disk
accretion. The Astrophysical Journal 232, 259-276 (1979).

Ghosh, P. & Lamb, F. K. Accretion by rotating magnetic neutron stars. iii. accretion torques and period changes in pulsating x-ray
sources. Accretion: A Collection Of Inuential Papers 5, 300 (1989).

. Koenigl, A. Disk accretion onto magnetic t tauri stars. The Astrophysical Journal 370, L39-L43 (1991).
. Bouvier, J., Alencar, S. H. P,, Harries, T. J., Johns-Krull, C. M. & Romanova, M. M. Magnetospheric accretion in classical t tauri stars.

arXiv preprint astro-ph/0603498 (2006).

. Grinin, V. P. et al. Optical spectra of five UX Orionis-type stars. Astronomy ¢~ Astrophysics 379(2), 482-495 (2001).
. Caratti o Garatti, A. et al. Disk-mediated accretion burst in a high-mass young stellar object. Nature Physics 13(3), 276 (2017).
. Maoz, D., Mannucci, F. & Nelemans, G. Observational clues to the progenitors of type ia supernovae. Annual Review of Astronomy

and Astrophysics 52, 107-170 (2014).

. Riess, A. G. et al. Observational evidence from supernovae for an accelerating universe and a cosmological constant. The

Astronomical Journal 116(3), 1009 (1998).

Warner, B. Cataclysmic variable stars, volume 28 (Cambridge University Press, 2003).

Cropper, M. The polars. Space Science Reviews 54(3-4), 195-295 (1990).

Wu, K. Accretion onto magnetic white dwarfs. Space Science Reviews 93(3-4), 611-649 (2000).

Isakova, P. B., Zhilkin, A. G. & Bisikalo, D. V. A numerical model for accretion in intermediate polars with dipolar magnetic fields.
Astronomy Reports 59(9), 843-850 (2015).

Ramsay, G. & Cropper, M. The energy balance of polars revisited. Monthly Notices of the Royal Astro-nomical Society 347(2), 497-507
(2004).

Mouchet, M. et al. A vlt-ultracam study of the fast optical quasi-periodic oscillations in the polar v834 centauri. Astronomy &
Astrophysics 600, A53 (2017).

Van Box Som, L. et al. Numerical simulations of high-energy ows in accreting magnetic white dwarfs. Monthly Notices of the Royal
Astronomical Society 473(3), 3158-3168 (2017).

Basko, R. A. & Sunyaev, M. The limiting luminosity of accreting neutron stars with magnetic fields. Monthly Notices of the Royal
Astronomical Society 175(2), 395-417 (1976).

Lyubarsky, Y. E. & Sunyaev, R. A. The structure of the accretion column. Pisma v Astronomicheskii Zhurnal 14, 920-926 (1988).
Wu, K. & Cropper, M. The lower boundary of the accretion column in magnetic cataclysmic variables. Monthly Notices of the Royal
Astronomical Society 326(2), 686-694 (2001).

Orlando, S. et al. X-ray emitting mhd accretion shocks in classical t tauri stars-case for moderate to high plasma- 3 values. Astronomy
& Astrophysics 510, A71 (2010).

Revet, G. et al. Laboratory unraveling of matter accretion in young stars. Science Advances 3(11), e1700982 (2017).

175, 417 (1972).

Frank, J., King, A. R. & Lasota, J.-P. The soft x-ray excess in accreting magnetic white dwarfs. Astronomy and Astrophysics 193,
113-118 (1988).

Falize, E., Michaut, C. & Bouquet, S. Similarity properties and scaling laws of radiation hydrodynamic ows in laboratory
astrophysics. The Astrophysical Journal 730(2), 96 (2011).

Falize, E. et al. The scalability of the accretion column in magnetic cataclysmic variables: the polar project. Astrophysics and Space
Science 336(1), 81-85 (2011).

Cross, J. E., Reville, B. & Gregori, G. Scaling of magneto-quantum-radiative hydrodynamic equations: from laser-produced plasmas
to astrophysics. The Astrophysical Journal 795(1), 59 (2014).

Falize, E. et al. High-energy density laboratory astrophysics studies of accretion shocks in magnetic cataclysmic variables. High
Energy Density Physics 8(1), 1-4 (2012).

Krauland, C. M. et al. Reverse radiative shock laser experiments relevant to accreting stream-disk impact in interacting binaries. The
Astrophysical Journal Letters 762(1), L2 (2012).

Cross, J. E. et al. Laboratory analogue of a supersonic accretion column in a binary star system. Nature communications, 7,
ncomms11899 (2016).

Albertazzi, B. et al. Experimental platform for the investigation of magnetized reverse shock dynamics in the context of polar. High
Power Laser Science and Engineering, 6 (2018).

Van Box Som, L. et al. Laboratory radiative accretion shocks on gekko xii laser facility for polar project. High Power Laser Science
and Engineering, 6 (2018).

Rigby, A. et al. Electron acceleration by wave turbulence in a magnetized plasma. Nature Physics, page 1 (2018).

Barbera, E., Orlando, S. & Peres, G. Accretion disk coronae of intermediate polar cataclysmic variables-3D magnetohydrodynamic
modelling and thermal X-ray emission. Astronomy & Astrophysics 600, A105 (2017).

Zeldovich, Y. B. and Raizer, Y. P. Physics of shock waves and high-temperature hydrodynamic phenomena. Courier Corporation
(2012).

Frank, J. & Chanmugam, G. Polarized radiation from magnetic accretion rings. The Astrophysical Journal 365, 660-664 (1990).

469-477 (1997).

Kraus, U. Hollow accretion columns on neutron stars and the e_ects of gravitational light bending. The Astrophysical Journal 563(1),
289 (2001).

Leahy, D. A. Hollow-cone accretion columns and light-bending e_ects. The Astrophysical Journal 596(2), 1131 (2003).

SCIENTIFIC REPORTS |

(2019) 9:8157 | https://doi.org/10.1038/s41598-019-44596-3 8


https://doi.org/10.1038/s41598-019-44596-3

www.nature.com/scientificreports/

40. Saxton, C. J. Effects of lower boundary conditions on the stability of radiative shocks. Publications of the Astronomical Society of
Australia 19(2), 282292 (2002).

41. Sutherland, R. S., Bicknell, G. V. & Dopita, M. A. The numerical simulation of radiative shocks. ii. thermal instabilities in two-
dimensional models. The Astrophysical Journal 591(1), 238 (2003).

42. Mignone, A. The dynamics of radiative shock waves: linear and nonlinear evolution. The Astrophysical Journal 626(1), 373 (2005).

43. Falize, E., Bouquet, S. & Michaut, C. Scaling laws for radiating uids: the pillar of laboratory astrophysics. Astrophysics and Space
Science 322(1-4), 107-111 (2009).

44. Bouquet, S. et al. From lasers to the universe: Scaling laws in laboratory astrophysics. High Energy Density Physics 6(4), 368-380
(2010).

45. Ryutov, D. et al. Similarity criteria for the laboratory simulation of supernova hydrodynamics. The Astrophysical Journal 518(2), 821
(1999).

46. Henke, B. L., Gullikson, E. M. & Davis X-ray, J. C. interactions: photoabsorption, scattering, transmission, and reection at
E=50-30000eV, Z=1-92. At. Data Nucl. Data Tables 54, 180 (1993).

Acknowledgements
The authors would like to thank the team at LULI2000 for their work in obtaining the data presented here. X-ray
diagnostics were done with the financial support of the Russian Science Foundation (Project #17-72-20272).

Author Contributions

PM. carried out the data analysis and was the primary author of the paper. E.Fa. and M.K. conceived the project.
B.A., Th.M,, G.R. A.P, E.Fi,, N.O,, S.P. and M.K. carried out the experiment. EB. and EK. were responsible for
the generation of the external magnetic field. E.Fa., L.V.B.S. G.G., YK, D.Q.L., C.L.,, Y.S. and PT. added further
theoretical insight. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44596-3.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8157 | https://doi.org/10.1038/s41598-019-44596-3 9


https://doi.org/10.1038/s41598-019-44596-3
https://doi.org/10.1038/s41598-019-44596-3
http://creativecommons.org/licenses/by/4.0/

	Laboratory study of stationary accretion shock relevant to astrophysical systems

	Results

	Initial plasma flow. 
	Reverse shock. 

	Discussion

	Methods

	Experimental platform. 
	Magnetic field. 
	X-ray diagnostics. 
	Optical diagnostics. 
	Numerical simulations. 

	Acknowledgements

	Figure 1 Experimental setup at the LULI2000 laser facility.
	Figure 2 The distance travelled from the target by the plasma flow as measured by the Schlieren imaging system.
	Figure 3 The width of the plasma flow as a function of the distance away from the target, s measured at various delay times with and without an imposed magnetic field.
	Figure 4 1-D Streaked self-emission of the experimental system.
	Figure 5 X-ray radiography images of plasma flow and reverse shock at different time delays.
	Figure 6 Lineouts taken from experimental and simulated X-ray radiographs as well as from the streaked optical emission diagnostic at four different times.
	Table 1 Scaling between the laboratory system and a typical intermediate polar.




